Introduction: Pulp tissue regeneration is becoming a reality after discovery of mesenchymal stem cells (MSCs) residing in the pulp tissues through various clinical innovations, although MSC transplantation into the pulp space has met with challenges of in vitro cell expansion and cultures. As a way to circumvent the regulatory and technical complexities of in vitro MSC culture, we investigated the use of minced pulp tissues as a source of pulpal MSCs for tissue regeneration. Methods: We characterized the phenotype of cells explanted from minced pulp (MP), namely MP-derived MSCs (MP-MSCs), compared with dental pulp stem cells (DPSCs) established from pulp tissues by enzyme digestion. Phenotypic characterization included replication kinetics, immunophenotyping, and multilineage differentiation. Using the tooth slice model, we assessed odonto/osteogenic differentiation of DPSCs, MP-MSCs, and minced pulp tissues in situ. Results: In vitro replication of MP-MSCs occurred more rapidly during the initial phase of subcultures compared with DPSCs; however, MP-MSCs arrived at senescence at population doubling 47, whereas DPSCs replicated until population doubling 64, indicating shorter replicative lifespan. MP-MSCs also demonstrated stronger odonto/osteogenic differentiation than DPSCs by alkaline phosphatase activity and the protein expression. Both MP-MSCs and DPSCs demonstrated odonto/osteogenic and adipogenic differentiation capacities. Both cell types also showed mineralized tissue formation in the tooth slice model. Seeding minced pulp tissue on poly-L-lactic acid scaffold allowed for migration of MP-MSCs from the tissues and odontogenic differentiation with dentin sialophosphoprotein expression in the tooth slice model. Conclusions: These data indicated that MP may be an alternative source of pulpal MSCs that may allow de
P
ulp revascularization has been introduced as a way to revitalize teeth with necrotic pulp (1) . The rationale lies in the possibility of further root development and reinforcement of dentinal walls by deposition of hard tissues. Case reports have shown that in teeth with necrotic pulp and apical periodontitis, revascularization allows for increased root formation after periapical healing (2, 3) . It is important to distinguish between revascularization and pulp regeneration. At present, it is likely that the regenerated tissue in the pulp space is primarily composed of bone, cementum, and fibrous tissues, as revealed in a few histological studies (4, 5) . Also, several studies indicate frequent occurrence of intracanal calcifications following revascularization, potentially negating the efficacy of revascularization for restoration of pulp functions (2, 6) .
Postnatal pulpal mesenchymal stem cell (MSC) populations include dental pulp stem cells (DPSCs), the population of MSCs isolated from permanent teeth, and stem cells from human exfoliated deciduous teeth (7, 8) . Transplantation of such cells demonstrated promising outcome in vivo with the regenerated tissue resembling the architecture and function of a pulp-dentin complex (9, 10) . Iohara et al (11) first demonstrated successful regeneration of the pulp-dentin complex in a pulpotomy model in dogs by transplantation of fractionated side-population cells enriched with the CD31-/CD146-immunophenotype. In subsequent studies, the same group demonstrated regeneration of the entire pulp and pulp-dentin complex when MSCs from dental pulp were transplanted into pulp space-unfractionated whole pulp cells generated pulp-dentin complex, and pulp-dentin regeneration was enhanced when the transplanted cells were enriched for CD105 + MSCs (12) . On the contrary, absence of pulp cell transplantation failed to yield bone fide pulp-dentin regeneration. Thus, this is the first evidence to show the requirement of pulp cell transplantation in disinfected root canal space to achieve pulp-dentin regeneration. Preclinical studies using xenograft experiments in animals also revealed the requirement of DPSC transplantation for bone fide regeneration of pulp-dentin complex (10, 13) . However, one prominent question must be addressed with the cellbased approach regarding the feasibility of this approach in the clinical setting. Primarily the source and potency of pulpal MSCs are of paramount importance and could be limiting factors in making this technology available for routine endodontic therapies for patients. Normal human somatic cells like pulpal MSCs undergo a finite number of cell divisions during in vitro culture until the cells exhaustively arrive at the terminal state called replicative senescence (14) . Our prior study showed a marked accumulation of senescent pulpal MSCs using in vitro culture and loss of essential odonto/osteogenic differentiation capacities in cells due to induction of p16 INK4A and loss of Bmi-1, a stem factor (15) . As such, in vitro expansion of pulpal MSCs in preparation for cell transplantation procedures would require an extensive number of cell doublings with congruent loss of differentiation capacity.
To this end, we propose a new protocol using direct transplantation of minced pulp (MP) without cell culture as a source of pulpal MSCs; in essence, this can be considered as pulp tissue grafting. This approach would be feasible especially for vital cases that require endodontic therapies (eg, partial pulpotomy or pulpectomy). In such cases, autologous pulp tissue can be derived from the same tooth that requires the therapeutic intervention. We herein demonstrated the feasibility of this approach by showing that minced pulp tissues yielded outgrowth of MSCs (named MP-MSCs) that exhibited stem-cell characteristics and multipotency. Also, minced pulp tissues allowed MP-MSC outgrowth on 3-dimensional scaffold and differentiated to form mineralized structures. These data demonstrated the possibility of using MP as source of MSCs for autologous pulp tissue grafting for pulp-dentin regeneration.
Materials and Methods

Tissues and Cells
Fourteen freshly extracted third molars (patient age 16 to 22 years, 6 female and 8 male individuals) were collected from the UCLA Oral and Maxillofacial Surgery clinic. All primary culture of DPSCs and MP-MSCs were maintained with primary culture medium, a-MEM medium (Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS) (Invitrogen), 15 mg/mL gentamicin sulfate (Gemini Bio-Products, West Sacramento, CA), and 20 mmol/L L-glutamine (Invitrogen) (7) . All passage cultures were maintained in basal medium, a-MEM with 10% FBS and 5 mg/mL gentamicin sulfate.
All teeth were stored in primary culture medium, a-MEM (Thermo Fisher, Waltham, MA) containing 20% FBS (Thermo Fisher) and 0.02% gentamicin (Thermo Fisher), in sterile Falcon tubes on ice before transferring to the laboratory and under the hood, after extraction (7). Tooth surfaces were disinfected and pulp tissues were removed after gaining access with sterilized wire cutter. The pulp tissue was gently separated from the samples and washed 2 times in primary culture medium before seeding onto a 60-mm cell culture plate. The pulp tissues were then minced with sterilized micro scissors into fine pieces (approximately 0.5 mm in length).
The MP tissue from the same sample was subsequently divided into 2 groups. For conventional DPSC enzyme digestion culture, the samples were treated with a solution of 3 mg/mL type I collagenase (Thermo Fisher) and 4 mg/mL Dispase (Roche, South San Francisco, CA) for 60 minutes in 37 C. To establish the explant cultures of MP-MSCs, minced pulp tissues were seeded onto 48-well cell culture plates with the primary culture medium for 7 to 21 days until the sprouting cells establish the monolayer culture.
Primary DPSCs and MP-MSCs were serially passaged at every 80% confluency level for subculture until proliferation arrested. Cumulative population doublings (PDs) and replication kinetics were determined based on the total number of cells in the beginning and at the end of each passage as previously described (16) . After different time periods of culture, DPSCs and MP-MSCs were stained in situ for senescenceassociated b-galactosidase activity, according to method described elsewhere (16) . The dark green/blue color in the cytoplasm adjacent to nuclei indicated the presence of b-galactosidase activity. The result was quantified under light microscopy. Terminally differentiated normal human oral fibroblasts (NHOF) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS, as described previously (16) .
Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from cells using TRIzol reagents (Invitrogen). After centrifugation, the aqueous layer containing RNA is preserved. Isopropanol was added to the aqueous layer to form RNA precipitate. Last, total RNA was washed with 75% ethanol and its quality was assessed using NanoDrop Spectrophotometer (Thermo Fisher Scientific). cDNA was generated from 5 mg extracted RNA using the SuperScript first-strand synthesis system (Invitrogen).
cDNA was amplified with SYBR Green I Master Mix (Roche) with LightCycler 480 II real-time polymerase chain reaction system (Roche) following the manufacturer's protocol. All experiments were performed in triplicate with initiation of heat denaturation at 95 for 10 minutes, then 45 cycles of 95 for 10 seconds followed by 58 for 45 seconds and 72 for 10 seconds. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The second derivative of the Cq value was determined by comparing the gene of interest to GAPDH for fold-differences of amplification following the manufacturer's instructions (Roche) .
Western Blotting
Whole cell extracts were isolated with cell lysis buffer (1% Triton X-100, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM sodium orthovanadate, 1 mg/mL phenylmethylsulfonyl fluoride). The isolated extracts were fractioned by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinyl difluoride protein membrane (Millipore, Billerica, MA). The membrane was incubated with the primary antibodies (Oct-4, alkaline phosphatase [ALP], and GAPDH) overnight at 4 C. Secondary antibody with horseradish-peroxidase was incubated at room temperature for 2 hours. After incubation, the membranes were exposed to the chemiluminescence reagent (BioRad, Hercules, CA) for detection of proteins.
Immunophenotype Characterization
DPSCs and MP-MSCs were seeded on chamber slides (Sigma-Aldrich, St Louis, MO) and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 minutes at room temperature. The samples were blocked in 5% bovine serum albumin (BSA) for 30 minutes at room temperature following 0.5% triton incubation for 15 minutes. Primary antibodies, CD 146 (Abcam, Boston, MA), and STRO-1 (R&D System, Minneapolis, MN), were diluted to 1:100 in 1% BSA/0.05% Triton X-100/PBS and incubated overnight at 4 C. Fluorochrome-conjugated secondary antibodies were prepared 1:500 dilution (BD Biosciences) in 1% BSA/0.05% Triton X-100/PBS according to the manufacturer guidelines.
DPSCs and MP-MSCs were pelleted and resuspended in PBS with 0.1% sodium azide and 1% BSA as a marking solution. Cells were then incubated for 15 minutes with 10 mL of the antibody diluted to 1:200 according to the manufacturer's protocol. We included mouse antihuman antibodies against CD44 (hyaluronan receptor), CD90/Thy-1 (thymocyte antigen), CD34, and CD45 (hematopoietic stem/progenitor lineage marker).
Odontogenic Differentiation Assay
DPSCs and MP-MSCs were cultured in basal medium before 80% confluency. Odontogenic induction media, conditioned with 100 mM L-ascorbic acid 2-phosphate (Sigma-Aldrich), 9 mM KH2PO4, 10 mM b-glycerol phosphate, and 9.8 nM dexamethasone (Sigma-Aldrich), was then added to cell culture with cells maintained in basal media as a control.
Cell cultures were stained for the ALP activity with the ALP Staining Kit (Sigma-Aldrich) at different days of induction and were assessed for mineralization by Alizarin Red staining, using the protocol described previously (15) .
Adipogenic Differentiation Assay
DPSCs and MP-MSCs were cultured in the basal medium before 80% confluency. Adipogenic induction media (Dulbecco's modified Eagle's medium supplemented with 10% FBS), 60 mM indomethacin (Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), 1 mM dexamethasone (Sigma-Aldrich), and 5 mg/mL insulin (Invitrogen), was added to cell culture. Bone marrow mesenchymal stem cells (BMSCs) were used as a positive control.
After 21 days of induction, all cells were fixed with neutral 10% formalin at room temperature for 30 minutes after gentle rinsing with PBS. Cytoplasmic lipid droplets were stained with Oil Red O solution, as previously described (17) 
Dentin Slice/Scaffold Model
The freshly collected molars were coronally sectioned at the cemento-enamel junction with a diamond-edged blade at low speed under cooling to obtain slices of approximately 1 mm thickness. The pulp cavity of each tooth slice was filled with porous poly-L-lactic acid (PLLA) (Goodfellows, Coraopolis, PA) scaffold. After complete polymerization of PLLA, the cells (50,000 cells in 10 mL medium) or freshly MP tissue were seeded onto PLLA and maintained in culture for 7 to 21 days. Dentin slice/scaffold samples were then stained with Alizarin Red S. (Sigma-Aldrich), for analysis of mineralization, or sectioned (5 mm) for histological assessment with hematoxylin and eosin staining. We also examined the surface characteristics of PLLA scaffold with cells and tissues by scanning electron microscopy (Zeiss Supra VP40; Carl Zeiss Inc, Oberkochen, Germany) at the UCLA California NanoSystems Institute.
Results
MP Tissue Explants Generated Adherent Mesenchymal Cells with Distinct Replicative Phenotype from DPSCs
After pulp tissue extirpation using aseptic technique, we minced the tissues using microscissors and viewed under the phase-contrast microscopy along with 4',6-diamidino-2-phenylindole (DAPI) staining, which revealed abundance of cellular content (Fig. 1A) . MP tissues were used for explant culture, which allowed outgrowth of migrating mesenchymal cells in as early as 4 days postexplantation (Fig. 1B) . These cells were named minced pulp-derived mesenchymal stem cells (MP-MSCs) to distinguish them from DPSCs, which were established by enzymatic digestion of whole pulp. Histologic (hematoxylin-eosin) sections of MP at the time of explantation (day 0) and after 15 days postexplantation showed marked reduction in the cellular content of the tissues, presumably due to migration of cells onto the culture plate (Fig 1C) . Using MP-MSCs and DPSCs established from the same patient, we first compared the replicative phenotype of the 2 cell types in serial subcultures. As shown in Figure 1D , MP-MSCs and DPSCs demonstrate distinct kinetics of replication: MP-MSCs replicated faster initially and arrested the replication sooner than did DPSCs. With senescence-associated b-galactosidase staining, MP-MSC cultures revealed higher content of senescent cells compared with DPSC cultures, consistent with the reduced replicative potential ( Fig. 1E and F) . These data indicated successful and efficient establishment of MP-MSC cultures by tissue explantation and that the cells exhibited distinct phenotype from that of DPSCs.
MP-MSCs Demonstrated Enhanced Odontogenic Differentiation than DPSCs
To determine whether MP-MSCs can function as a source of MSCs with odonto/osteogenic differentiation, we first assessed the stem characteristics of these cells in comparison with established DPSCs. Immunofluorescence staining revealed positive staining for CD146 and STRO-1, both of which are markers of MSCs, on MP-MSCs and DPSCs ( Fig. 2A) . In addition, flow cytometric analyses revealed similar immunophenotype for various markers in MP-MSCs and DPSCs, both of which highly expressed CD44 and CD90 and exhibited very small population positive for CD34 and CD45. Oct-4, a reprogramming factor associated with MSC differentiation (18) , is readily detectable in both MP-MSCs and DPSCs but not in terminally differentiated NHOF (Fig. 2B) . In calcifying condition, both cell types expressed ALP protein and the enzyme activity, which were found to be notably higher in MP-MSC compared with DPSC ( Fig. 2B  and C) . Both MP-MSCs and DPSCs demonstrated robust mineralization detected by Alizarin S. Red staining in time-dependent manner, and there were no discernible differences between the 2 cell types ( Fig. 2D and E) . To assess multilineage differentiation, the cells were cultured in adipogenic condition for 3 weeks along with BMSCs. As shown in Figure 2F , both MP-MSC and DPSC cultures contained cells that were positively stained for cytoplasmic lipid droplets (Oil Red O) as do BMSCs.
MP Yielded MP-MSCs on PLLA Scaffold in a Dentin Slice Model
In the next experiment, we tested whether MP transplantation onto a scaffold would allow migration of MP-MSCs that can differentiate into mineralizing cells in situ. For this, we used PLLA, biocompatible synthetic polymer, scaffold molded inside the lumen of dentin slice model, and seeded DPSCs, MP-MSCs, and MP tissues. After 1 week and 3 weeks posttransplantation, cell and tissue seeding allowed for detection of mesenchymal cells that appear to migrate on the scaffold in 3-dimensional culture (Fig. 3A) . On staining with Alizarin Red S, we noted mineralized nodules in those samples seeded with DPSC, MP-MSC, and MP, demonstrating odontogenic differentiation of minced pulp tissues on PLLA scaffold. As observed in the scanning electron microscopy images, the cells showed collagen fiber-like morphology; DPSCs and MP-MSCs could be observed as a fibrous form on the PLLA scaffold (Fig. 3B) . Also, the MP group showed the migrating cells from the tissue seeded on the scaffold.
Dentin slice models with DPSC, MP-MSC, and MP seeding were processed for histological examination to investigate the relationship between the cells, scaffold, and the dentinal surface. Migrating MSCs were observed in all samples, while the density of cells was notably greater in MP-MSC when compared with DPSC, especially after 3 weeks of culture, presumably due to higher cell division rate in MP-MSC than DPSC (Fig. 4A) . Furthermore, the MP sample revealed cells that have migrated from the tissues along the PLLA scaffold. Some of these cells had migrated to the periphery and were attached onto the dentinal surface and stained positive for dentin sialophosphoprotein (DSPP), confirming their odontogenic differentiation (Fig. 4B) .
Discussion
While prior reports demonstrated acquisition of MSCs through tissue explantation (9, 19) , the current study demonstrated feasibility of direct pulp tissue transplantation for pulp regenerative therapies. Our data show migration of MSCs from the MP tissues in the tooth slice model onto the scaffold, allowing for the use of MP as a source of MSCs for pulp regeneration, thereby eliminating the need for in vitro culture of DPSCs for cell transplantation. Thus, the novelty of the current study lies in bringing this explant culture method into pulp regeneration approach bypassing the need for in vitro cell culture. Although DPSCs and MP-MSCs characterized herein represent heterogenous cell populations including cells with odonto/osteogenic differentiation capacities, they are distinct in a way that DPSC culture established by enzyme digestion was inclusive of all adherent pulp cells, whereas MP-MSCs were ''selected'' by allowing the rapidly proliferating and migratory cells to populate the culture. When we compared the cell proliferation kinetics between DPSCs and MP-MSCs, it was clear that MP-MSCs proliferated notably faster than did DPSCs, although the cells exhibited shorter cumulative replicative lifespan. These 2 cell types showed similar surface immunophenotype by expression of MSC markers (eg, STRO-1 and CD146), and both cell types were able to differentiate into odonto/osteogenic and adipogenic lineages. However, the level of odonto/osteogenic differentiation, measured by ALP enzyme Although MSCs in varying tissue sources lack unifying surface markers to distinguish them from nonstem population, Gronthos et al (7) reported association of STRO-1 and CD146 in DPSCs. In this prior study, the authors concluded that STRO-1/CD146-positive cells are located in close proximity to blood vessels, suggesting perivascular niche for MSC population in the pulp. Both DPSC and MP-MSC cultures expressed high levels of CD44 and CD90, while predominantly negative for CD34 and CD45, which are consistent with prior reports describing the surface profiling of DPSCs (7, 21) . Thus, there was no discernible difference in surface immunophenotype of MP-MSCs and DPSCs, indicating no effect from the cell isolation protocol. A prior study showed that tissue explant protocol may give rise to immature DPSCs, namely IDPSCs, based on their findings that these explant cultures were highly proliferative and expressed embryonic stem cell markers (eg, Oct-4, SSEA, and Nanog), which are not readily expressed in adult stem cells (19) . In our data, both MP-MSCs and DPSC expressed Oct-4, although the level of Oct-4 was diminished in DPSCs at later passage, whereas it was maintained in MP-MSCs throughout the in vitro culture. Absence of Oct-4 expression in terminally differentiated NHOF indicated some correlation between Oct-4 expression level and MSC maturity. Hence, these findings suggested that MP-MSCs may represent immature and potent subpopulation of DPSCs.
PLLA had previously been used as scaffold to allow pulp tissue regeneration by in vivo transplantation of stem cells of human exfoliated deciduous teeth, which underwent differentiation into odontoblasts and pulpal endothelial cells (22) . In this prior study, the authors hypothesized that bioactive growth factors would be released from dentin matrix on degradation of PLLA scaffold. Other studies also successfully demonstrated the use of PLLA as scaffold, which allowed for expansion of transplanted cells and odontogenic differentiation to regenerate de novo dentin-pulp complex (10) , indicating that the PLLA is compatible with pulp-dentin regeneration. Using the same approach, we demonstrated that transplantation of minced dental pulp tissue allowed for migration of MSCs and odonto/osteogenic differentiation in situ. In some specimens, establishment of MP-MSCs was observed from the transplanted minced pulp tissues on PLLA scaffold along the dentin surface with DSPP + staining, indicating possible extension of their cell body into dentinal tubules (Fig. 4B) . Thus, PLLA scaffold allowed us to successfully test the concept of MP tissue transplantation as a means to regenerate pulp-dentin complex. However, clinical translation of this approach will require use of injectable scaffold, such as peptide hydrogel (eg, PuraMatrix [3-D Matrix, Waltham, MA]) or hyaluronic acid-based polysaccharide molecules (eg, Restylane [Galderma, Lausanne, Switzerland]), due to incompatibility of PLLA for clinical application (23, 24) .
In conclusion, we provide evidence that MP can be a source of pulpal MSCs that migrate from the tissues to establish proliferative cultures with extensive capacity of cell doublings (almost 50 PDs), and retain their odonto/osteogenic differentiation capacities in tooth slice model. This is the basis of the proposed protocol for ''pulp tissue grafting'' approach to regenerate pulp-dentin complex in teeth that require endodontic intervention. Due to direct tissue grafting, cell culture process and associated regulatory requirements can be bypassed for clinical application. Such concept can be helpful in cases that present with remnant of pulp tissues, such as those with irreversible pulpitis or partial necrosis, from which MP tissues can be derived and retransplanted for tissue regeneration. Further research will be required to detail the clinical protocol and efficacy of this approach for bone fide regeneration of the dentin-pulp complex.
